During embryogenesis, neural circuits are formed through the precise spatial and temporal production of functionally distinct classes of neurons by undifferentiated stem and progenitor cells. Although significant progress has been made in identifying the morphogen signals that spatially organize the developing nervous system (Ulloa and Briscoe, 2007) , much less is known about the mechanisms that control the temporal pattern of neuronal differentiation. In this issue of Cell, Yan et al. (2009) identify a thiol-redox signaling cascade mediated by the transmembrane protein GDE2 and the antioxidant protein Prdx1 that controls the timing of motor neuron differentiation in the spinal cord.
Spinal motor neurons have long served as a model for studying neurogenesis. Motor neuron progenitors are first specified by the patterning actions of Sonic hedgehog and retinoic acid signaling, which culminate in the induction of the essential motor neuron determinant Olig2 (Briscoe and Novitch, 2008) . Once formed, these motor neuron progenitors divide a limited number of times before exiting the cell cycle and differentiating at a characteristically early time in development. Although retinoid signaling plays an essential role in this process, the mechanisms of its actions are not well understood. In their previous work investigating the downstream effectors of the retinoid pathway, Sockanathan and colleagues had identified the six-transmembrane glycerophosphodiester phosphodiesterase domain protein GDE2 as a retinoid-induced factor expressed by motor neurons. They demonstrated that the catalytic activity of GDE2 is both necessary and sufficient to promote the differentiation of Olig2-positive neural progenitors (Rao and Sockanathan, 2005) . Although this study implicated glycerophospholipid metabolism in neuronal development, it remained unclear how GDE2 carries out this function. In the current study, Yan et al. use an innovative proteomic screening approach to demonstrate that the peroxiredoxin protein Prdx1 directly binds to GDE2 and serves as an activating cofactor that promotes neuronal differentiation (Figure 1 ).
Peroxiredoxins are widely expressed hydrogen peroxide (H 2 O 2 ) scavenger proteins best known for their role in detoxifying reactive oxygen species, protecting against oxidative stress, DNA damage, and cancer, but they have also been suggested to act in cellular signaling and as molecular chaperones (Hall et al., 2009; Jang et al., 2004) . Here, the authors identify a new role for peroxiredoxins in regulating neuronal differentiation. Newly born neurons in the intermediate zone and mantle zone of the spinal cord broadly express Prdx1, such that Prdx1 expression overlaps with Gde2 as motor neurons are differentiating. Yan et al. provide a comprehensive demonstration that Prdx1 and GDE2 functionally interact in the same signaling pathway. Embryos lacking Prdx1 function recapitulate the phenotype of Gde2 mutant embryos; progenitors have a reduced capacity to exit the cell cycle and differentiate into motor neurons. Their gain-offunction analysis shows that, although misexpression of Prdx1 alone has little effect on neuronal development, Prdx1 synergistically promotes motor neu-In the developing nervous system, neural progenitors exit the cell cycle and differentiate on a precise schedule, yet the mechanisms driving this process remain poorly defined. Yan et al. (2009) now identify a thiol-redox reaction mediated by the membrane protein GDE2 and the peroxiredoxin protein Prdx1 that promotes neurogenesis.
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Moreover, the interaction between Prdx1 and GDE2 appears to be direct. From an elegant series of biochemical experiments, Yan et al. suggest a model in which GDE2 is normally held in an inactive "caged" state by an intramolecular disulfide bond between cysteine residues in its N-and C-terminal intracellular portions ( Figure 1B) . On binding GDE2, the oxidation of Prdx1 reduces this disulfide bond, stimulating the glycerophosphodiester phosphodiesterase activity of GDE2 and thereby promoting neuronal differentiation ( Figures 1B-1D ). Providing strong support for this model, mutating the cysteine residues in GDE2 that form the disulfide bond renders GDE2 constitutively active and capable of inducing differentiation in the absence of Prdx1. This signaling mechanism may more generally regulate neural development; in addition to motor neurons, the misexpression of GDE2 and Prdx1 can promote the differentiation of other subtypes of neurons throughout the spinal cord.
This study presents a compelling thiolredox model to explain how GDE2 function may be regulated but also stimulates as many new questions as it resolves. First, what intracellular signals regulate Prdx1 activity? Second, can reactive oxygen species and the activation of oxidative stress pathway influence the decision of cells to differentiate? The authors argue that the ability of Prdx1 to mediate neuronal differentiation is likely to be separate from its function as a molecular chaperone or antioxidant. However, given that the accumulation of reactive oxygen may be a causal factor in the progressive degeneration of motor neurons (Barber et al., 2006) , it remains an interesting possibility that relieving oxidative stress in neural progenitors promotes their differentiation and survival of their progeny.
Third, how does the glycerophosphodiester phosphodiesterase activity of GDE2 promote neuronal differentiation? An intriguing feature of the topology of GDE2 is that its catalytic activity is present on the outer surface of cells and it can function nonautonomously (Rao and Sockanathan, 2005) . Thus, the initial transcriptional activity stimulated by retinoic acid is converted back into an extracellular signal, via a thiol-redox reaction. However, the functional and mechanistic significance of the glycerophosphodiester phosphodiesterase signal remains unclear. Does GDE2 function in autocrine or paracrine signaling? Does the ability of GDE2 to alter glycerophospholipid metabolism affect cell-cell signaling mechanisms or the interaction of cells with their extracellular environment to promote differentiation? It is notable that the pro-differentiation activity of GDE2 is reminiscent of manipulations in which Notch signaling has been blocked or proneural transcription factor activity has been increased (Holmberg et al., 2008) . Phosphoinositide signaling, a potential target of glycerophosphodiester phosphodiesterase metabolism, can regulate Notch receptor signaling activity and endocytosis of the Notch ligand Delta (Skwarek et al., (D) Through the oxidation of Prdx1 (Prdx1 ox ), the cysteine bond within GDE2 is released, stimulating the activity of its extracellular glycerophosphodiester phosphodiesterase domain. The increase in catalytic activity is predicted to metabolize yet unknown effectors (X) to produce activated products (X*). X* presumably stimulates the activity of additional membrane-associated proteins (Y) that transduce signals to promote neuronal differentiation both within the GDE2-expressing cell and in neighboring cells.
2007). Thus, GDE2 could influence neurogenesis by altering the level of Notch ligand-receptor signaling. Alternatively, GDE2 catalytic activity could modify the cytoskeletal network that maintains neural progenitors (Farkas and Huttner, 2008) , for example by severing their attachments to the neuroepithelium and causing the cells to undergo differentiation.
Finally, although motor neuron differentiation was found by Yan et al. to be delayed in animals lacking Prdx1 or Gde2, motor neuron formation eventually recovers later in development. These findings suggest that either additional glycerophosphodiester phosphodiesterase and peroxiredoxin proteins also contribute to neuronal differentiation or the Prdx1/GDE2 pathway works in parallel with other regulatory systems that balance neural progenitor proliferation and differentiation. Further insights into the function of the Prdx1/GDE2 pathway will require the identification of the signals produced by GDE2, the means by which these signals are perceived, and determining how this pathway interfaces with core neurogenic factors.
